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Chart showing annual variation in three hydrologic parameters that were significantly correlated with differences in fish assemblage structure in the Kiamichi River near Antlers, Oklahoma . 
Introduction
Oklahoma has a wide range of climatic and environmental conditions that create variation in stream hydrology and water availability across the State. Climate ranges from humid subtropical in the east to semiarid in the west, and these climatic differences influence environmental conditions and the flow regime of streams and rivers throughout the State (Turton and others, 2009) . Environmental flows are defined as the quantity, timing, and quality of water flows required to sustain freshwater and estuarine ecosystems and the human livelihood and well-being that depend on these ecosystems (Poff and others, 2010) . A better understanding of environmental flows and how flow regimes influence aquatic ecosystems in Oklahoma can help assess the impacts of flow-related changes on aquatic organisms, such as fish assemblages. Such an assessment could inform water management in Oklahoma under current and future conditions.
The hydrologic flow regime has a direct influence on the structure and function of aquatic ecosystems and is the primary driver of ecological integrity of a river ecosystem. Alteration of the hydrologic regime of rivers from impoundments and flow diversions modifies the structure and function of river ecosystems (Poff and others, 1997; Rosenberg and others, 2000; Postel and Richter, 2003; Poff and others, 2007) . Hydrologic alterations-such as flow stabilization, prolonged low flows, loss of seasonal flow peaks, rapid changes in river stage, and low or high water temperatures downstream-disrupt life cycles of aquatic plants, invertebrates, and fishes, resulting in a reduction in species diversity and modifying reproduction and growth rates that oftentimes lead to local extinctions of native species and the invasion and establishment of exotic species (Poff and others, 1997) . Large water diversions deplete streamflows, sometimes to damaging levels, affecting aquatic and floodplain habitats, aquatic biodiversity, sport and commercial fisheries, natural floodplain fertility, and natural flood control (Postel and Richter, 2003) . The development of water resources to meet the demands of urban population centers is growing and threatens the ecological integrity of many freshwater ecosystems (Fitzhugh and Richter, 2004) .
Alterations in the flow regime of streams can be reflected in the composition of the aquatic biota (Poff and Zimmerman, 2010) , which makes flow regime a useful indicator of ecological integrity. Procedures and tools for measuring flow regime and alteration of flow are available through the software Indicators of Hydrologic Alteration (IHA; Richter and others, 1996; Matthews and Richter, 2007) and Hydroecological Integrity Assessment Process (HIP; Olden and Poff, 2003; Henriksen and others, 2006) . A classification of unaltered streams using the HIP approach was used for Oklahoma streams and indicated that there were four general types of flow regime, describing a wide range of flow conditions: perennial runoff, perennial flashy, stable groundwater, and intermittent (Turton and others, 2009 ). These baseline conditions provide a reference to determine the level of alteration that has occurred in recent times and to relate to changes in biotic communities.
Individual fish species and fish assemblages respond differently to changes in flow regime. Poff and Allan (1995) found that the functional organization of fish assemblages was influenced by the degree of flow stability in a stream, whereas more variable flow regimes resulted in shifts to more generalist strategies (for example, habitat use, feeding) by the fish. Hypotheses of how ecological communities respond to hydrologic alteration provide a useful framework for assessing changes in fish assemblages to alterations in flow. In a review of the impacts of altered flow on aquatic biodiversity, fish abundance and diversity were negatively influenced by both elevated and decreased flow magnitude (Poff and Zimmerman 2010) . The authors called for better-defined thresholds for flow alteration-ecological response relationships. This study addresses this need for rivers in Oklahoma.
Improving our understanding of the response of aquatic organisms to flow alterations is an important step in the development of water resource management that incorporates protection of Oklahoma's aquatic resources. Our objectives were to (1) quantify the thresholds of alteration for important flow indices, (2) test the configuration of functional fish groups in relation to flow alteration, and (3) identify patterns in fish assemblages associated with flow regime in all sites. Finally, we provide a detailed example of the impacts of impoundments on downstream flow regimes and resulting changes in fish assemblages at two sites in Oklahoma, the Kiamichi River and Bird Creek.
Methods for Collecting Data Streamgage Selection and Streamflow
We chose 168 streams with gages draining areas smaller than 2,500 square miles in or adjacent to Oklahoma (Esralew, 2010) for our original analysis of reference streams. From this larger set of gaged streams, we chose a subset of 88 streams with a known reference flow regime and that were previously classified into streamflow groups (Turton and others, 2009) . These streams and their previous classifications provided a benchmark to determine if their flow regime had been altered. To minimize the effect of climatic variation on localized streamflow, we selected streamgages that monitored flow for a concurrent period. A 15-year minimum period of flow data and at least 50 percent concurrent period is recommended to correctly characterize flows (Kennard and others, 2010) . We selected a 20 concurrent year period (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) , which reduced the number of potential streamgages from 88 to 41. Streamgage information (daily mean and peak flows) was obtained from the U.S. Geological Survey (USGS) National Water Information System (http://waterdata.usgs.gov/nwis/) for full water years (October-August) from 1988 through 2007. This recent period was selected because it was more likely to coincide with available fish data. We used the Hydrologic Index Tool (HIT, version 1.48; U.S. Geological Survey, undated) to calculate 171 flow indices for each study stream (Turton and others, 2009 ). These flow indices describe the entire flow regime, including magnitude of average, low, and high flows, frequency of low and high flow, duration of low and high flow, timing of flow events, and rate of change (Olden and Poff, 2003) .
Flow Alteration
We used two statistical techniques to quantify alteration in Oklahoma streams. In the first, we fit distributions and identified the 5th and 95th percentiles (Arthington, 2006) for the reference flow period of the four flow groups reported by Turton and others (2009) for 88 gaged streams. The group notation adopted by Turton and others (2009) was retained (41, 42, 43, and 44) , which corresponded to general flow regime descriptions of perennial runoff (41), perennial flashy (41), stable groundwater (43), and intermittent (44). The 27 flow indices we used (table 1) were identified as the best combination of variables from the available 171 flow indices to categorize the regions flow types. Six types of distribution-normal, lognormal, exponential, Weibull 2 parameter, Weibull 3 parameter, and Johnson Su-were fit in JMP (version 7; SAS Institute Inc., undated). The best distribution for each flow group was determined by a combination of p-value and visual inspection of the fit curve. The distributions were least reliable for group 43, which had only 6 member streams but had a distinctive flow regime compared with the other groups, so the distributions for group 43 were retained.
The second method used to quantify alteration was discriminant analysis. Discriminant analysis is a technique that assigns variables to pre-existing classes or groups using multiple explanatory variables (for example, flow indices; Gotelli and Ellison, 2004) . We developed an algorithm to predict group classification using the same 27 flow indices as in the first method (table 1). The algorithm was then used to assign the streams of interest in this study to one of four flow groups. We noted when a stream changed membership in recent period because it indicated a large change in flow regime. It was also possible that a stream could not be classified into one of the four groups, which would indicate that the flow regime has been altered and does not reflect the four Oklahoma flow regimes identified by Turton and others, (2009) . The current streams were assigned to reference or altered classes based on these two techniques.
Fish Data
The primary source of fish species data was from a database of Oklahoma fishes (E. Tejan, Enogex, LCC, written commun. , 2009), which contained records from the Oklahoma Conservation Commission, the Oklahoma Department of Environmental Quality, the U.S. Forest Service, and published records. Additional fish data were provided by the Kansas Department of Wildlife and Parks, the Missouri Resource Assessment Partnership, and The Nature Conservancy of Arkansas. A 15-kilometer (km) buffer (that is, radius; Poff and Allan, 1995) from each streamgage location was used to select nearest fish sampling locations in close proximity to USGS streamgages using ArcGIS (version 8.3; Environmental Research Systems Institute, Inc., undated) . Only sites on the main stem of the gaged river were selected (Poff and Allan, 1995) . There were 28 streamgage locations with sufficient fish data within the 15-km buffer (table 2; fig. 1 ). The selected streams fall within two major river basins, the Arkansas River to the north and the Red River to the south. The streams can also be divided between the wetter eastern portion of Oklahoma and drier western portion by running a vertical line to the east of streamgage 10 and west of streamgage 18 ( fig. 1) . A total of 150 species were found in the waters near the 28 streamgage sites (appendix 1).
Response of Fish Assemblages to Flow Alteration
Fish data were collected by different sources and with different methods, therefore we limited analysis to fish presence and the proportion of fish functional groups at each site. The coarse-scale nature of the data allowed us to identify large-scale patterns that affect Oklahoma at a regional level (Poff and Allan, 1995) . Functional groupings reflect preferences for a narrow range of habitat conditions or tolerance to alteration in their environment. Fish species were assigned to groups in five functional categories: habitat type (creek, river, creek/river, lentic, general), flow velocity, trophic guild, reproductive guild, and tolerance (tolerance to water quality degradation, tolerance to habitat degradation, sensitive benthic species, conservation status). Species were assigned to functional groups based on published classes, primarily developed specifically for Oklahoma species (Jester and others, 1992) , but also included additional sources for current speed (Frimpong and Angermier, 2009 ) and conservation status (NatureServe, 2009). Functional groups that require additional explanation are lithophilic species, reproductive guilds, and those based on Oklahoma State conservation status. Lithophilic species are species that spawn on gravel or cobble. Reproductive guilds were based on Goldstein and Simon's (1998) classification and were as follows: A_1, nonguarders, open substratum spawners; A_2, nonguarders, brood hiders; B_1, guarders, substratum choosers; B_2, guarders, nest spawners; and C_2, internal live bearers. Conservation status of species in Oklahoma is as follows: S1, critically imperiled; S2, imperiled; S3, vulnerable; S4, apparently secure; S5, secure; exotic (NatureServe, 2009) . Species in multiple categories were assigned to the dominant classification (Goldstein and Simon, 1999) .
We analyzed patterns in fish assemblage structure among sites representing a range of flow alteration using ordination analysis followed by comparison of functional groups among alteration classes. Differences in assemblage structure among stream sites were quantified using nonmetric multidimensional scaling (NMS) ordinations (Minchin, 1987; Clarke, 1993) on the presence or absence of fish species with Jaccard's similarity as the distance measure. Jaccard's similarity compares homogeneity in groups, with greater distance between points indicating less similarity (McCune and Grace, 2002) . Principal components analysis of the correlations was used to identify patterns in the proportions of functional groups among stream sites using the broken stick method (that is actual eigenvalues higher than eigenvalues from random variation) to identify significant components (McCune and Grace, 2002) . Rank correlations between flow variables and ordination axes were calculated to determine relationships between fish assemblage structure and flow components. Differences in proportions of functional groups between altered and reference sites were tested with analysis of variance (ANOVA) in JMP. Multivariate analysis of species presence and functional groups were done in PC- ORD (version 4; Peck, 2010) .
Temporal Response of Fish Assemblage Structure to Flow Alteration
We analyzed trends in hydrologic parameters associated with different periods related to reservoir construction within the Kiamichi River and Bird Creek watersheds in Oklahoma ( fig.  2 ). Daily discharge records were obtained from USGS streamgages located downstream of reservoirs on each stream. Discharge in the Kiamichi River is influenced by Jackfork Creek, a tributary that was impounded in 1982 to form Sardis Lake. Changes in Kiamichi River flows were assessed using the combined records of USGS streamgages 07336200 and 07336500, both located near Antlers, Okla., downstream of Sardis Lake and upstream of Hugo Lake. Daily flow records from two gages were used to incorporate a period of record long enough to estimate predam conditions (more than 20 years) (Kennard and others, 2010) . The combined record spanned 81 years and included daily flow data that corresponded with available fish data (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) . To assess changes in hydrology within Bird Creek, we used USGS streamgage 07177500 located downstream of Birch and Skiatook Lakes near Sperry, Okla. The gage record spanned 49 years and included daily flow data that corresponded with fish data (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) collected on Bird Creek. Discharge in Bird Creek is influenced by a tributary that was impounded in 1977 to form Birch Lake and a second reservoir on the main stem, Skiatook Lake, which was impounded in 1984.
We used a dataset consisting of fish collections from about 40 different sampling events at the same location on each stream to assess temporal changes in fish assemblage structure between 1977 and 1996. Fish sampling was conducted by the Oklahoma Department of Environmental Quality using a standardized sampling effort of twenty 10-meter (m) seine hauls made with a 3-m × 1.5-m (4.7-millimeter mesh) lead weighted seine. Sampling effort was approximately 1 hour per sampling event. We limited data for analysis to collections that were made in early summer (June and July) because this period was sampled every year, whereas late summer and early fall sampling effort varied among years. When multiple early summer sampling events occurred within one year, we kept both events to include potential effects of within-year variation in the analysis. We excluded data for the year preceding and the year of impoundment to remove any potential effects of dam construction not related to flow alteration from the dataset. This resulted in a total of 26 (Kiamichi River) and 23 (Bird Creek) sampling events, representing 17 different summers that we retained for analysis.
We used the IHA software (version 7.1; ConserveOnline, undated) to assess potential differences in hydrologic conditions between pre-and post-impoundment periods for each stream. The pre-impoundment period was between 1926 and 1980 for the Kiamichi River, after which flows were potentially altered by Sardis Lake reservoir operations . Bird Creek had three periods, including the pre-impoundment (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) , post-Birch Lake impoundment (1978) (1979) (1980) (1981) (1982) , and post-Skiatook Lake impoundment periods.
The IHA method is based on 33 biologically relevant hydrologic parameters divided among five fundamental characteristics of hydrologic regimes that represent temporal changes in water conditions (for example, water levels, discharge rates; Richter and others, 1996) . These characteristics include the magnitude, timing of occurrence, frequency of occurrence, duration of time, and the rate of change in specific water conditions. We used the nonparametric statistics option to compare median and coefficient of variation values between pre-and postimpoundment periods using a permutation procedure (1,000 permutations) to identify significant differences between periods. We also used the range of variability (RVA) approach to assess changes in IHA parameters between periods (Richter and others, 1997). The RVA approach divides the data from the period before the event for each parameter into three different categories based on the 17th percentiles from the median yielding three categories of equal size. We used RVA to compare medians between pre-and post-impoundment periods in relation to RVA boundaries calculated for the pre-impoundment period.
Patterns in fish assemblage structure between sampling events were quantified using NMS ordinations (Minchin, 1987; Clarke, 1993) on log 10 (x)-transformed abundances of fish species with Bray-Curtis dissimilarity (BCD) as the distance measure. Prior to analysis, fish species occurring in less than two sampling events (< 5 percent) were excluded from the dataset to reduce noise (McCune and Grace, 2002) . We used rotational vector fitting to relate hydrologic parameters from IHA to gradients in fish assemblage structure quantified by the NMS ordination (Faith and Norris, 1989) . Vector fitting finds the direction of the maximum correlation for each environmental variable and assesses significance of the fitted environmental vectors using a permutation procedure (1,000 permutations) (Oksanen and others, 2010) . Some hydrologic variables were log 10 (x)-transformed to improve assumptions of normality (McCune and Grace, 2002) . Ordination plots were rotated to have the strongest correlation with environmental flow vectors on the horizontal x-axis(axis 1) of the plots. We also examined the response of downstream fish assemblages to impoundment by comparing centroids and dispersion of sampling events within pre-and post-impoundment groups within ordination space using permutational multivariate analysis of variance (PERMANOVA) and permutational analysis of multivariate dispersion (PERMDISP; Anderson 2001 Anderson , 2006 . We assigned sampling events to pre-impoundment and post-impoundment periods for both the Kiamichi River and Bird Creek. An addition sampling period, transitional, was added between the pre-impoundment and postimpoundment periods to assess differences in fish assemblage structure among these three periods.
We used Indicator Species Analysis (ISA; Dufrêne and Legendre, 1997) to test for affinities of different species to our period grouping. ISA measures association between species and predetermined groups by calculating an indicator value (IndVal) based on species abundances weighted by their occurrence within each group. We estimated the probability of achieving an equal or larger IndVal value among groups (p) using a bootstrap method based on 999 random permutations of the original data. All ordination analysis was conducted in R statistical language, version 2.11.2 (R Core Development Team, 2010) using the vegan package for NMS, PERMANOVA, and PERMDISP (R Core Development Team, 2010; Oksanen and others, 2011) . Indicator species analysis was performed using PC-ORD (version 5.0; McCune and Grace, 2002) .
Quantifying Flow Alteration
The 20-year period of flow data for 14 streams corresponded to the reference period used in the earlier classification; these data are referred to as "reference" in table 2 (Turton and others, 2009) . Streams were considered to have an altered flow regime when upstream anthropogenic regulation of flows, such as impoundments or water withdrawal, were present and when the period of the streamflow record we analyzed was not in the least-altered period (Esralew, 2010) . The expected range (5th and 95th percentile; table 3) of flow indices differed greatly between flow regime groups. We compared index values for streams with the expected range and counted the number exceeding the expected range of threshold and average percent exceeded (table 4). The reference streams had lower numbers and percentages of flow indices exceeding the expected values. The mean percent exceeding was higher in the altered streams than the reference streams.
The discriminant analysis using 27 flow metrics correctly classified 86 of the 88 streams into the four flow groups. The discriminant analysis algorithm was then used to predict flow regime groups for the 28 study streams. The reference streams were all classified correctly, while only 5 of 14 altered streams were the same group as before discriminant analysis (table 4) . Three streams shifted from group 42 to 43, while one stream in group 42 did not classify into any of the defined four groups. Five streams in group 44 changed to 41, 42, and 43. The least common flow regime group in Turton and others (2009) was 43 (stable groundwater; six streams), but it was the most common group that altered streams fell under because of elevated flows, which indicates there was an increase in flow and stability.
Fish Assemblage Structure
Nonmetric multidimensional scaling (NMS) ordination of 28 fish sampling sites identified two axes (2D) that explained 85.8 percent of the variation in original distances among fish sampling sites (2D stress = 13.5). NMS axis 1 (x axis) represented changes in species composition along a gradient of decreasing variability in daily flows (MA04), variability in May flows (MA28), frequency of low flow spells (FL03), high flood pulse count (FH04), variability in annual maximums of 90-day means of daily discharge (DH10), constancy (TA01), and fall rate (RA03). NMS axis 2 (y axis) represented changes in species composition related to increasing variability in annual maximums of 3-day means of daily discharge (DH07), DH10, and RA03 (table 5) . These changes in flow environments appeared to represent geographic variation in flow more than flow alteration, as sites were primarily ordinated based on location rather than alteration, although eastern Oklahoma sites show some difference between altered and reference samples ( fig. 3) . Streams grouped by basin were clearly separated from each other, particularly the eastern basins from the western streams. Altered sites within the two eastern basins tended to shift away from reference sites along a trajectory correlated with increasing MA04, MA28, FL03, FH04, and TA01 ( fig. 3; table 5 ). In contrast, there was considerable overlap between reference and streams with altered hydrology among western streams ( fig. 3 ). In general, westerns stream represented fish assemblages associated with higher DH10 and RA03 ( fig. 3; table 5 ).
Principal components analysis of fish functional group proportions at sites identified two significant principal components (fig. 4 ). These two axes explained 63.2 percent of the variation in the data. There were nine indices positively correlated with PC1 (MA04, MA28, specific mean annual maximum flows (MH20), FL03, flood frequency (FH05), number of zero-flow days (DL18), DH10, TA01, RA03, and five indices negatively correlated with PC2 [mean daily flow (MA01), mean minimum January flow (ML01), mean maximum April flow (MH04), and no daily rises (RA05)] (table 5) . There were similar relationships in the PCA plot compared with those in the NMS plot ( fig. 3 ). There was reasonable separation among eastern Red River, Arkansas River, western stream sites, and there was some separation of reference streams verses those with altered hydrology along a trajectory associated with small streams on the steams loading the highest (that is more distinct functional group configuration) on the second principle component compared to larger reference streams with negative values on the second axis in eastern streams (fig. 4) . There was no evidence of differing functional structure within fish assemblages between reference and altered streams among the western basins ( fig. 4) .
We compared the proportion of functional groups between altered and reference sites assigned with discriminant analysis (table 6). There were higher proportions of species in reference locations that were intolerant to water quality and habitat degradation, more sensitive benthic species and lithophilic spawners, and species associated with fast flowing water. Altered sites had more tolerant species that preferred lentic conditions and slower flowing waters. Generalist broadcast spawners (A_1) were more common in altered locations, while brood hiders were more common in reference sites (A_2). We identified a geographical trend of more intolerant species in streams with fast flowing water and imperiled species in the eastern portion of the State compared with the more generalist groups in the western portion (table 6).
Influence of Impoundment on Downstream Hydrologic Conditions

Kiamichi River
The impoundment of Jackfork Creek by Sardis Lake dam had limited effects on downstream hydrology of the Kiamichi River. Median December flows and variation in January flows were significantly higher after impoundment (table 7) . There were no differences in magnitude and duration of minimum flows between the periods, but median 3-and 7-day maximum flows significantly decreased between the two periods (table 7) . We did not observe any significant differences in the timing of annual extreme events between the pre-and postimpoundment periods. High flow pulses and flow reversals were more frequent after impoundment (table 7) .
Bird Creek
Flow alteration due to the impoundment of Birch Creek, a tributary of Bird Creek, had minimal effects on the overall hydrologic conditions in Bird Creek. Only three parameters, median monthly flows for May and June and the number of flow reversals in Bird Creek, were significantly higher after the construction of Birch Lake (table 8) . In contrast, several hydrologic parameters, representing all five components of the flow regime, were significantly altered by the impoundment of Bird Creek and construction of Skiatook Lake. Reservoir release patterns resulted in significantly higher median monthly flows for all 12 months with the months of May and June exhibiting more variation in median flow. The magnitude and duration of annual extreme conditions, particularly low flows, was significantly altered. Median annual minimum flows increased dramatically and the base flow index increased by an order of magnitude between the pre-impoundment and post-Skiatook-impoundment periods. Additionally, the median annual 30-day maximum flow was higher post impoundment. There were no significant reservoir effects on the timing of minimum flows, but the annual 1-day maximum flow occurred later in the year after the impoundment of Skiatook Lake. Low flow pulses never occurred and duration of high flow pulses increased significantly from 4 to 6 days after impoundment of Bird Creek by Skiatook Lake. The rate and frequency of changes in discharge were significantly altered by reservoir operations with faster fall rates and more frequent and variable flow reversals per year (table 8) .
Influence of Impoundment on Downstream Fish Assemblage Structure
Kiamichi River
Twenty-six sampling events ordinated in fish species multidimensional space identified three axes (3D) that explained 76.5 percent of the variation in original distances among sampling events (3D stress = 15.8). Despite only explaining 17 percent of the variation, NMS axis 1 (x axis) had strong associations with median flows for September, magnitude and duration of low flows (7-day minimum), frequency of flow reversals, and daily discharge for the sampling date ( fig. 5A, table 9 ). Frequency of flow reversals was the only hydrologic parameter related to fish community structure that was altered after the impoundment of Sardis Lake ( fig. 6C, table 7) . However, there were positive trends in September median flows, 7-day minimum flows, and number of flow reversals across the period of record associated with available fish data ( fig. 6B , D, and F). Additionally, there were significant differences in fish species composition (F) between pre-and post-impoundment periods using both the two-group (PERMANOVA F 1,24 = 5.52, p < 0.002) and three-group (PERMANOVA F 1,24 = 6.96, p < 0.001) structure. There were no differences in multivariate dispersion among the pre-and post-dam construction periods (PERMDISP F 1,24 = 0.07, p = 0.792) or among the pre-dam, transitional, or post-dam construction periods (PERMDISP F 2,23 = 0.09, p = 0.911). Brook silversides (Labidesthes sicculus) was a significant indicator species for pre-impoundment conditions, whereas increased abundance of blacktail shiners (Cyprinella venusta) was positively associated with the postimpoundment period (table 10) . Among bass species, spotted bass (Micropterus punctulatus) were more abundant and frequent in pre-impoundment collections while largemouth bass (Micropterus salmoides) were significant indicators of post-impoundment conditions, particularly during the transitional period (table 10).
Bird Creek
Nonmetric multidimensional scaling (NMS) ordination of 23 sampling events in fish species space identified three axes that explained 83.3 percent of the variation in original distances among fish sampling events (3D stress = 13.07). More than half of the explained variation (46.6 percent) was attributed to NMS axis 1 (x axis), which had strong associations with increased median flows during typical low flow months (July, August, September, and October), December flows, minimum flows (1st, 3d, 7th, 30th, and 90th day), and number of flow reversals, as well as decreased number and duration of low flow events ( fig. 5B, table 9 ). All these hydrologic parameters responded dramatically to flow alteration associated with water management practices at Skiatook Lake ( fig. 7, table 8 ). Pre-and post-impoundment periods were clearly separated on NMS axis 1 ( fig. 5B) , and some separation between the transitional and post-impoundment periods occurred on NMS axis 2 (y axis; fig. 5B ). Pre-and postimpoundment fish assemblages differed significantly in their species composition using both the two group (PERMANOVA F 1,21 = 10.12, p < 0.001) and three group (PERMANOVA F 1,22 = 9.21, p < 0.001) structure. There was a marginal difference in multivariate dispersion among the pre-and post-dam construction periods (PERMDISP F 1,21 = 3.24, p = 0.094) but no difference among pre-dam, transitional, or post-dam construction periods (PERMDISP F 2,20 = 2.56, p = 0.103). No indicator species were identified for the pre-dam construction period, but there were 13 species that had affinities with the period after dam construction (table 10) . Several cyprinid minnows, including central stonerollers (Campostoma anomalum), ghost shiners (Notropis buchanni), sand shiners (Notropis stramineus), and suckermouth minnows (Phenacobius mirabilis), were strong indicators of post-dam construction fish assemblages (table 10). Western mosquitofish (Gambusia affinis) and inland silversides (Menidia beryllina) showed affinities for post-dam construction conditions. Two centrarchids, largemouth bass (Micropterus salmoides) and white crappie (Pomoxis annularis), were significant indicator species for the post-dam construction period. The slenderhead darter (Percina phoxocephala) was also associated with post-dam construction conditions in Bird Creek (table 10).
Effects of Flow Alteration on Fish Assemblages
Development of flow-ecology relationships is critical to setting management goals for protecting freshwater biodiversity in altered ecosystems (Poff and others, 2010; Poff and Zimmerman, 2010) . Analyses of spatial datasets that represent hydrologic alteration gradients as well as temporal biological datasets spanning pre-and post-hydrologic alteration events aid in this process by identifying components of altered hydrologic regimes and other factors that influence biological change (Propst and Gido, 2004; Armstrong and others, 2010; Gido and others, 2010; Poff and Zimmerman, 2010; Taylor, 2010) . Results from such studies can be used by water resource managers to help restore critical components of the flow regime while continuing to meet anthropogenic needs for water (Richter and others, 2003) . The study of this report focused on relationships between flow alteration and fish assemblage structure and function, relying on a fish dataset with sites that represented different degrees of flow alteration, as well as two temporal fish datasets representing pre-and post-river impoundment environments. At the broad scale, fish assemblage and functional structure were associated with several flow metrics (Poff and Allan, 1995) but had stronger associations with regional factors, evidence that regional differences in flow regimes potentially influence fish assemblage structure (Gehrke and Harris, 2001 ). Likewise, patterns in functional group membership were associated with reference versus altered flows, but similar patterns were observed from east to west. Thus, the development of flow-ecology relationships needs to be stratified across these ecosystem types.
Although not presented in this report, we classified altered sites into three levels of alteration (low, moderate, high) based on the number and percentage exceeding the expected range of values. There were no clear relationships between increasing flow alteration and fish functional groups. A study of this type of relationship between degree of flow alteration and fish ecology could prove useful, but would be better served by a planned study with active data collection to control the level and location of fish sampling relative to alteration. The differences in fish assemblages and flow regime between the eastern and western portions of Oklahoma would be best served by separate studies of these areas.
A previous study of Oklahoma fishes found that they are more sensitive to habitat degradation than water quality degradation (Jester and others, 1992) , so efforts to identify specific instream habitat changes directly related to flow regime alteration in Oklahoma could enhance the results in this report. Fish species also can be used as indicators of flow alteration, as has been done with water quality in Great Lakes wetlands (Seilheimer and Chow-Fraser, 2007) and in this report with the ISA in Bird Creek. This method would take advantage of the greater distribution of fish collection data, as well as the relative ease of collecting fish samples compared with the 15 or more years of flow data needed to assess flow regime.
One hydrologic change that is clearly shown in our analysis of flow alteration is the shift to higher, more stable flows that are reflected by Turton and others (2009) , as classified in group 43. Conditions in group 43 only occurred in a small group of only 6 streams in northeastern Oklahoma from the initial total of 88. We observed perennial flashy (42) and intermittent (44) streams undergoing significant changes to flow regime to group 43 in current flows. The impacts of this change are evident in the analysis of Bird Creek, which changed from an intermittent to a stable groundwater classification after the impoundment of Skiatook Lake. Interestingly, following the impoundment of Sardis Lake, the Kiamichi River did not shift from a perennial flashy stream to one with stable flows characteristic of group 43. An analysis of fish assemblage structure across a 17-year period associated with reservoir impoundment in these two river systems indicated that there were significant shifts in species composition for both sites. However, the degree to which reservoir impoundment altered downstream flow regimes within the study reaches was not consistent between the two river systems. The construction of Skiatook Lake within the Bird Creek river system significantly altered aspects of all five components of flow (magnitude, timing of occurrence, frequency of occurrence, duration of time, and rate of change in flow conditions), resulting in a change from a naturally intermittent stream flow regime to more stable flows, characteristic of streams in northeastern Oklahoma (Turton and others, 2009 ). In contrast, the Kiamichi River hydrologic regime downstream of Sardis Lake was relatively unaltered with modest declines in maximum flows and slight increases in number of reversals. This system retained the characteristics of a perennial flashy stream identified by Turton and others (2009) . Despite this lack of identifiable change, there were still significant changes in fish assemblage structure within both systems across the 17-year period associated with reservoir construction, but species associated with these changes differed between the two systems. Several flow-dependent species as well as reservoir species, including largemouth bass, increased within the period of record associated with flow alteration in Bird Creek, a historically intermittent stream, whereas declines in two riverine-adapted fish coupled with an increase in largemouth bass were associated with the impoundment of Sardis Lake within the Kiamichi River basin. These contrasting responses of flow regimes and fish assemblages to reservoir impoundment within these the two river systems highlight the fact that linkages between reservoir impoundments, hydrologic alteration, and biological attributes are dependent on the ecological setting and associated natural hydrologic regimes of study systems.
Bird Creek lies in north-central Oklahoma and exhibits a historical flow regime with high flow variability and extended periods of extreme low flows, typical of streams draining the Great Plains region of North America (Poff and Ward, 1989; Dodds and others, 2004) . Fishes of prairie streams have evolved behavioral and physiological mechanisms as well as life history traits to cope with variable and sometimes harsh conditions associated with dynamic hydrology (Matthews, 1987 (Matthews, , 1988 Labbe and Fausch, 2000; Matthews and Marsh-Matthews, 2003) . It is not surprising that there were no significant indicator species associated with Bird Creek fish assemblages during the pre-impoundment period because fish assemblage structure likely varies with stream flow across time in intermittent streams (Matthews and Marsh-Matthews, 2003) . Higher flow conditions and loss of low-to no-flow periods associated with post-impoundment habitats corresponded with increases in frequency and abundance of fluvial-dependent species, including central stonerollers, sand shiners, suckermouth minnows, and slenderhead darters. Central stonerollers can occupy a wide variety of stream conditions ranging from intermittent headwater streams to downstream perennial reaches and adjust life history strategies to persist along fluvial gradients experienced in prairie streams (Spranza and Stanley, 2000) . Fluvial habitats with perennial flow provide more predictable habitat conditions, which may confer more stable fish populations. Sand shiners are broadcast spawners that prefer flowing water over sand substrates, particularly in the presence of other Notropis sp. (Mueller and Pyron, 2011) . Conditions downstream of reservoirs may provide other benefits to sand shiners, such as decreased turbidity, which has been shown to negatively impact feeding on terrestrial and aquatic insects by this species (Bonner and Wilde, 2002) . Suckermouth minnows and slenderhead darters prefer fast flowing waters and require high-velocity areas during spring for spawning (Brewer and others, 2006) . These two species seem to persist downstream of dams but are often extirpated upstream of reservoirs; however, spawning habitats may be impacted by flood control reservoirs due to impacts on the timing and magnitude of flows (Quist and others, 2005; Brewer and others, 2006) . We also observed an increase in western mosquitofish, a species not generally associated with higher flows. Mosquitofish exhibit an opportunistic life history strategy characterized by small body size with early maturation, low fecundity per spawning event, and low juvenile survivorship (Winemiller and Rose, 1992; Hoeinghaus and others, 2007) . This strategy is well adapted to fish occupying habitats that experience frequent and intense disturbance and likely confers an ability to monopolize and maintain higher abundances in highly variable shallow stream margin habitats associated with substantially more flow reversals in post-impoundment conditions. Southeastern Oklahoma streams lie within the western extension of the Ozark Mountains and support perennial flow with a certain degree of flashiness. While impoundment of Sardis Lake did not have strong effects on long-term patterns in stream discharge, general increases in September median flows, low-flow duration, and number of reversals for 1976-1996 were associated with shifts in fish assemblage structure during the study period. However, these increases explained a small proportion of the variation in fish assemblage structure, and there were few significant indicator species for the pre-or post-impoundment periods.
Patterns in indicator species analysis suggest that factors associated with reservoir impoundment other than flow may have influenced changes in fish assemblage structure. We observed an increase in frequency and abundance in largemouth bass coupled with a decrease in spotted bass. The flow analysis results do not support altered hydrology as a primary mechanism for this shift, and this result may be due simply to increased largemouth bass abundance associated with stocking in Sardis Lake as well as Hugo Lake downstream. Additionally, reservoir-like conditions can occur during high flow periods within the stream reach due to backwater from Lake Hugo. This potential mechanism was not limited to the Kiamichi River site as we also observed higher frequency and abundance of inland silversides and largemouth bass in post-impoundment collections downstream of Skiatook Lake in Bird Creek. Shifts in largemouth bass frequency and abundance downstream of reservoirs may be due to lentic species having more generalist life history traits which provide certain advantages in flow-altered environments (Arthington and others, 2006) . However, increases in largemouth bass abundance across two systems that differ in flow alteration suggest that their abundance may be more related to dispersal from introductions within the reservoir rather than flow requirements. Previous studies have demonstrated that upstream as well as regional patterns in fish assemblage structure are influenced by proximity to reservoir assemblages (Falke and Gido, 2006; Gido and others, 2010) . Quist and others (2005) observed introduced game fish species both upstream and downstream after construction of a reservoir. This may have been a mechanism for increased largemouth bass and forage fish frequency and abundance downstream of reservoirs in the current study. The distribution of inland silversides was historically limited to Atlantic and Gulf Coast waters and adjacent coastal portions of rivers. Inland silversides has been widely introduced in reservoirs of Midwestern States as forage for game fish and is responsible for large declines in brook silverside populations in Oklahoma (Gomez and Lindsay, 1972; McCormas and Drenner, 1982) . While native to Oklahoma streams, largemouth bass populations were augmented through stocking of Skiatook reservoir immediately after impoundment. However, spotted bass populations increased in the early 1990s and displaced largemouth bass from much of their habitat (Long and Fisher, 2005) . Factors influencing black bass habitat use within the reservoir (stocking, displacement) potentially influenced temporal patterns of frequency and occurrence of largemouth bass in downstream habitats of both systems.
Several studies have shown changes in fish assemblage structure associated with water resource development and reservoir operations (Bain and others, 1988; Bonner and Wilde, 2002; Marchetti and Moyle, 2001; Perkin and Bonner, 2011) . Our analysis examines a temporal sequence of fish assemblage structure in response to reservoir construction in two different stream systems representing different ecological settings. However, other factors related to reservoirs, including altered thermal regimes due to hypolimnetic releases and proximity to reservoir habitats (Falke and Gido, 2006; Gido and others, 2010) , may also influence fish assemblage structure in lotic environments. Additionally, while the biological datasets used in this study were reasonably long, these are temporal datasets of limited length. For example, in our Kiamichi River analysis, there was little change in long-term hydrologic patterns. Yet, within the period of fish sampling there were trends in several hydrologic variables that were correlated with fish assemblage structure.
The Kiamichi River is a well-studied system, and recent studies examining longer time trends have made some alarming observations. Drought conditions after the period of record that this study assessed, combined with flow management have resulted in serious dewatering of fluvial habitats and an associated decline in mussel densities with a shift in assemblage structure from thermally sensitive to tolerant species (Galbraith and others, 2010) . This shift in mussel assemblages has important consequences for ecosystem function (Spooner and Vaughn, 2008; Vaughn, 2010) . It is possible that fluvial fish species have also declined during this period. For this reason it is important that water management goals be developed by considering a range of variability approach that identifies natural flow regimes for dry, moderate, and wet periods to maintain key components of the natural flow regime (Richter and others, 2003) . The results of this study indicate that interactions between flow regime and aquatic biota vary depending on ecological setting. This study was limited by the low number of gaged locations with associated fish collections. Of these locations with streamflow and fish information, only a subset had a known reference period and could be used. We were unsuccessful at drawing a conclusion associated with a gradient of flow alteration, which may have been due to the types of streams in each class or from other factors impacting species other than flow alteration. The streams considered altered were from different ecoregions; thus, there may be biogeographical constraints on the biota that could confound the analysis with regards to altered flow regime. Charts showing annual variation in five hydrologic parameters that were significantly correlated with differences in fish assemblage structure ( fig. 7B, table 9 ) in Bird Creek near Sperry, Oklahoma. Parameters include A, median flow for July; B, median flow for December; C, annual 7-day minimum (min.) flow; D, number of low pulses per year; and E, number (#) of flow reversals per year. Thin horizontal lines represent range of variation for period before the construction of the impoundment, and thick horizontal lines represent median values for the periods before construction of the impoundment and after construction of the Birch Lake and Skiatook Lake impoundments. All flow data are presented in cubic feet per second. 
